Methylene blue catalyzes the visible light-induced organocatalytic α-oxyamination of aldehydes via enamines. The irradiation of 3-phenylpropanal with TEMPO radical in the presence of morpholine as an organocatalyst and methylene blue as a photoredox catalyst gave the desired α-functionalized aldehyde in 75% yield.
Introduction
Over the years various methods for the introduction of both protected and unprotected hydroxy groups in close proximity to the carbonyl functionality have been developed. Particular attention has been paid to the functionalization of aldehydes at the α-position as the resulting α-hydroxyaldehydes are very reactive species hence allowing for subsequent elaboration. 1 In this regard, the organocatalytic reaction of aldehydes with photochemically generated singlet oxygen seems the most straightforward and green option. [2] [3] [4] Using this methodology various α-hydroxyaldehydes were obtained in reasonable yields. Very often, after in situ reduction they were transformed into desired diols -(S)-or (R)-depending on the catalyst used. (S)-Enantiomer predominated in imidazolidinone-catalyzed reactions, while prolineamides assured the formation of (R)-stereoisomer. However, in depth studies, revealed that an enamine generated from an aldehyde and an organocatalysts could be oxidized thus diminishing the yield of the desired product. 5, 6 On the other hand, the MacMillan's group exploited nitrosobenzene as an oxidant. In these of recently organocatalyzed reactions of aldehydes with nitrosobenzene, α-oxyaminated products formed in good yield and excellent enantioselectivity (Scheme 1). 7 But carcinogenity of nitroso compounds cannot be ignored, thus limiting the applicability of the developed method, especially in the pharmaceutical industry. The same can be said about organocatalytic α-oxidation of aldehydes with hazardous benzoyl peroxide leading to α-benzoyloxyaldehydes, though valuble oxidized products were obtained in good yields and excellent enantioselectivities using imidazolidinone 8 , dipohenylprolinol silyl ether 9 or diphenylmethyl pyrrolidine 10 as organocatalysts.
Scheme 1. α-Oxidation of aldehydes with nitrosobenzene.
In 2007 Sibi et al. reported an alternative method for the synthesis of α-oxyaminated products using stable 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO, 1).
11 Only in the presence of imidazolidinone tetrafluoroborate, FeCl 3 , and NaNO 2 did products form in good yield and stereoselectivity (Scheme 2, A). The formation of an iminium radical cation from an enamine via a SET process was proposed but further mechanistic studies revealed that in fact FeCl 3 promotes an electrophilic attack of the TEMPO-FeCl 3 complex on an enamine acting only as a Lewis acid. 12 Based on the proposed mechanism, the formation of TEMPO- catalyzed oxidative coupling of an enamine, generated in situ from an aldehyde and morpholine, with TEMPO affording desired products in reasonable yields. The proposed mechanism assumed the coupling of TEMPO radical (1) with an iminium radical cation, generated via the reaction of enamine with the *Ru(II) complex (Scheme 2, B). 
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A or B Scheme 2. α-Oxyamination of aldehydes with TEMPO.
The first light-induced, enantioselective oxyamination of aldehydes was reported by Jang and co-workers. The use of heterogenous TiO 2 in place of Ru(bpy) 3 (PF 6 ) 2 assured the formation of α-functionalized aldehydes in a moderate yield and enantioselectivity. Under the developed conditions derivatives of prolinol outperformed imidazolidinones as a source of chirality.
To date, transition metal complexes are the most popular photoredox catalysts in visible light driven functionalization of aldehydes. 14, 15 Recently, however, it was shown that in certain cases, simple and inexpensive organic dyes could be used as photoredox catalysts, thus making the processes greener and more suitable for large scale pharmaceutical production. 16 For example, Zeitler et al. performed organocatalytic α-alkylation of aldehydes in the presence of eosin Y, which originally exploited Ru(bpy) 3 Cl 2, 17 giving the desired products with similar yields and enantiomeric excesses. 18 Hence, we envisaged that the visible-light driven oxyamination reaction described could be realized with organic dyes eliminating the need for the use of precious metal complexes.
Results and Discussion
In a preliminary experiment 3-phenylpropanal (2) was reacted with TEMPO radical (1) in the presence of morpholine and Ru(bpy) 3 Cl 2 under white light irradiation for 16 h (Table 1 , entry 1). The reaction afforded desired product 3 in only 30% yield. The yield significantly increased to 71% when CH 3 CN was replaced with DMF (entry 3). Due to incomplete conversion of the starting materials, the reaction was prolonged giving a decrease in yield (entry 4). The same results were obtained either with the addition of an excess of TEMPO (1) or 1,3-dinitrobenzene as a sacrificial electron donor (entries 6 and 7). The next step involved the use of chiral secondary amines in place of morpholine. Contrary to the reaction in the presence of TiO 2 , -L-proline and its derivatives 4, 5, 6 and imidazoline (7) catalyzed reactions were unselective (ee 0%) and low yielding (entries 8-10).
Examination of organic dyes as photoredox catalysts gave a surprising result. Eosin Y (9), which is often readily substituted by a ruthenium complex in α-alkylation reactions, proved to be inefficient in the present context ( Table 2 , entry 1). The use of rose Bengal (10) which was successfully used in α-oxyamination of aromatic β-ketoesters, 19 gave only traces of product 3 (entry 2). Interestingly, optimum result was achieved in the reaction catalyzed by methylene blue (13) (entry 5). Reaction conditions: a 3-phenylpropanal (1, 1 mmol), TEMPO (2, 1 mmol), morpholine (0.2 mmol) and photoredox catalyst (2 mol%) in DMF (10 mL), irradiated for 16 h by 2 white 4 W "household" led bulbs.
After successful implementation of methylene blue, further optimization of the reaction conditions with respect to reaction time, solvent, light, and the amount of morpholine were performed (Table 3) . CH 3 CN assured the highest reaction yield within only 5 h reaction time (entry 3). Unfortunately, the pyrrolidinecatalyzed reaction furnished product 3 in a lower yield than the morpholine-catalyzed process, opposite to most of enamine-iminium catalyzed reactions (entry 4). 20 Better results generated prolinamides 5, 6 and though no selectivity was observed (entries 5, 6). In the final step LED bulbs were replaced with white LEDs leading to a futher increase in the yield <75%. Reaction conditions: a 3-phenylpropanal (1, 1 mmol), TEMPO (2, 1 mmol), amine (0.2 -0.4 mmol) and methylene blue (2 mol%) in 10 mL of solvent, irradiated for specified amount of time by 2 white 4 W "household" led bulbs, each 300 Lumens.
Under optimal conditions various aldehydes were reacted with TEMPO (1) (Chart 1). Even though the list of aldehydes is not extensive, it is representative. All tested aldehydes, except α-branched one, provided α-oxyaminated aldehydes in reasonable yields. It is known that the formation of a quaternary stereogenic centre may be problematic, thus further optimization studies were performed for this class of aldehydes. Even, 2-hexen-1-al transformed into α,β-unsaturated product (19) . This example shows that the oxyamination of carbonyl compounds can proceed not only via an enamine but also via dienamine-catalysis, a much more demanding process. It is worth mentioning that an unsaturated aldehyde gave the desired product with no oxidation of the double bond being observed. This result opens possibilities for further functionalizations of such compounds via epoxidation, dihydroxylation, aminohydroxylation, etc.
